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 36 
Abstract  37 
Identifying structural limitations in O2 transport is primarily restricted by current methods employed 38 
to characterise the nature of physiological remodelling. Inadequate resolution or breadth of 39 
available data has impaired development of routine diagnostic protocols and effective therapeutic 40 
strategies. Understanding O2 transport within striated muscle faces major challenges, most notably 41 
in quantifying how well individual fibres are supplied by the microcirculation, which has 42 
necessitated exploring tissue O2 supply using theoretical modelling of diffusive exchange. Having 43 
identified capillary domains as a suitable model for the description of local O2 supply, and requiring 44 
less computation than numerically calculating the trapping regions that are supplied by each 45 
capillary via biophysical transport models, we sought to design a high throughput method for 46 
histological analysis. We present an integrated package that identifies optimal protocols for 47 
identification of important input elements, processing of digitised images with semi-automated 48 
routines, and incorporation of these data into a mathematical modelling framework with computed 49 
output visualised as the tissue partial pressure of O2 (PO2) distribution across a biopsy sample. 50 
Worked examples are provided using muscle samples from experiments involving rats and 51 
humans.  52 
 53 
Key Words: Image Analysis, Mathematical Modelling, Skeletal Muscle, Fibre Type, Capillary 54 
Supply, DTect 55 
 56 
New & Noteworthy: Progress in quantitative morphometry and analytical modelling have tended 57 
to develop independently. Real diagnostic power lies in harnessing both disciplines within one 58 
user-friendly package. We present a semi-automated, high-throughput tool for determining muscle 59 
phenotype from biopsy material, which also provides anatomically relevant input to quantify tissue 60 
oxygenation, in a coherent package not previously available to non-specialist investigators. 61 
 62 
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Introduction 63 
Striated muscle is characteristically plastic, with the capacity to dynamically remodel in response to 64 
varying physiological, pharmacological and pathological stimuli.  Microvascular remodelling (e.g. 65 
angiogenesis) in striated muscle has been identified as a highly coordinated physiological process 66 
(16), and being able to effectively explore the functional importance of targeted interventions or the 67 
consequential effect of pathology on microvascular O2 transport would be a valuable resource for 68 
both basic science and translational investigations (46). In a muscle with uniform phenotype, such 69 
as cardiac muscle, this presents a relatively straightforward problem that may be solved by 70 
approximating a localised supply location (capillaries) and homogenous O2 demand (fibre MO2) in 71 
modelling the outcome (2, 26, 27). In most skeletal muscles, however, it is necessary to 72 
accommodate varying fibre type, fibre size and geometry, and microvascular distribution, in order 73 
to quantify the relationship between local supply and demand.  74 
 75 
Analytical solutions for peripheral oxygen transport have been dominated by derivatives of the 76 
Krogh oxygen cylinder approach, despite involving a number of unrealistic assumptions (30) and 77 
lack of space-filling capability (19). Krogh postulated a model where each capillary within a muscle 78 
ran parallel with muscle fibres and supplied O2 in a radial fashion, the area encompassed within a 79 
tissue cylinder defining the functional supply area for an individual capillary (31). This model relied 80 
on a variety of assumptions, for instance; that O2 consumption was uniform across fibres, that 81 
capillaries were parallel and equally spaced, and that the average tissue partial pressure of O2 82 
(PO2) equalled that of the average capillary PO2 at the capillary wall (28). The use of such supply 83 
regions is clearly an unrealistic system for physiological O2 delivery, given the inherent difficulty in 84 
close packing of cylinders (i.e. circles when represented as 2D tissue sections). This would 85 
indicate there are areas where no O2 will diffuse (anoxic regions), and instances of overlapping 86 
supply areas that involve intercapillary interactions and excess O2 delivery (30). Excluded regions 87 
of tissue O2 VXSSO\ZLWKLQ.URJK¶VF\OLQGHUPHWKRGOHGWRWKHWHVWLQJRIWHVVHOODWLQJVSDFHILOOLQJ88 
polygons to remove these voids, with the capillary domain area developed as a useful quantitative 89 
index of capillary supply. Capillary domains describe the area of tissue supplied by an individual 90 
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capillary that incorporates tissue closest to its centroid than any other, with the domain boundary 91 
placed equidistant to the nearest capillaries. This tessellation of domains within a tissue cross 92 
section allows the functional relevance associated with thHFDSLOODULHV¶VSDWLDOGLVWULEXWLRQWREH93 
analysed, within both homogeneous and heterogeneous tissue (20, 26). The distribution of domain 94 
areas also allows quantification of capillary heterogeneity, and the functional consequence of 95 
different fibre size to be incorporated into the analysis of local capillary supply (19). 96 
 97 
The utility of capillary domains to represent O2 flux fields has been explored using striated muscle 98 
with uniform O2 uptake (cardiac tissue) (26), and tissue with asymmetrical capillary supply and 99 
heterogeneous O2 demand (4), and compared with the more biophysically precise trapping regions 100 
(a numerical solution for the region supplied with O2 by each capillary  determined via the transport 101 
equations overlying the geometry generated from histological images) (4). Comparative 102 
simulations of capillary domains and trapping regions have been shown to be highly correlated in 103 
muscles with both uniform O2 uptake, and in those with moderately heterogeneous demand (4). 104 
The dissociation between capillary domains and trapping regions only becomes apparent around 105 
abnormally large fibres, regions of tissue with unusually heterogeneous oxidative capacities, and in 106 
instances of significant capillary rarefaction (1, 4).  107 
 108 
Structural changes in muscle are most commonly analysed using immuno/histochemical staining 109 
and laborious manual image processing techniques. Image-based modelling relies on 110 
unambiguous identification of discrete objects, processing of the image to allow their classification, 111 
and extracting pertinent details to define model parameters. Current quantification of anatomical 112 
composition from tissue sections predominantly utilise global indices of fibre composition and 113 
capillary supply, due to the time-consuming manner of acquiring finer scale morphometric indices, 114 
and the computational difficulty in modelling of O2 transport. Standard operating procedures have 115 
been devised to allow unbiased and reproducible morphometric analysis (12, 18), with attempts to 116 
produce semi-automated (39) and fully automated analyses (34, 36, 43) for global morphometric 117 
indices. In principle, algorithms reduce operator bias to a minimum (reproducibility from 118 
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independent runs with fully automatic algorithms are close to 100%) and all fibres in an image can 119 
be classified much more quickly than traditional, manual approaches. This does, however, rely on 120 
unambiguous staining profiles (e.g. fibre boundaries must be detectable with an algorithm that 121 
produces a realistic outline, and individual fibres assigned to a specific phenotype), which is rarely 122 
achievable. Consequently, no current method provides the necessary flexibility for both delineating 123 
fibres at adequate resolution, nor associating individual capillaries with neighbouring fibres. The 124 
availability of such an intricate anatomical description in digitised form is essential if mathematical 125 
and computational models of O2 transport, which require such detail, are to objectively explore the 126 
functional and structural relationship between microvascular supply and tissue demand during 127 
muscle remodelling (1, 4).   128 
 129 
Therefore, the aim of this study has been to provide an integrative method for muscle biopsy 130 
analysis that provides a more comprehensive analytical approach than currently available. This 131 
necessitated developing a semi-automated image processing data pipeline feeding into a 132 
mathematical modelling framework for computing oxygen supply and demand, with improved 133 
throughput, whilst maintaining interactive capabilities for non-standard applications. Worked 134 
examples are provided using muscle samples from experiments involving rats (metabolic 135 
heterogeneity) and humans (leg immobilisation). 136 
 137 
Material and methods 138 
Animal sampling was conducted in accordance with UK Home Office guidelines, in accordance 139 
with the 1986 Animal (Scientific Procedures) Act. Rats were culled by Schedule 1 methods 140 
(concussion to the brain and cervical dislocation); the m. tibialis anterior (TA) was carefully 141 
removed, trimmed of distal tendons, the mid-portion coated with OCT on cork discs, snap frozen in 142 
isopentane cooled in liquid nitrogen, and stored at -80°C for later analysis. 143 
 All human participants gave written informed consent to be included in the study, which 144 
conformed to the standards set by the Declaration of Helsinki, and in accordance with local ethics 145 
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committee approval. We utilised a unilateral limb immobilisation cast to mimic bed-rest for two 146 
weeks, to investigate the effect on muscle phenotype and oxygen delivery kinetics (9, 40). Four 147 
healthy untrained males (age 22 ± 2 years, BMI 22.6 ± 2.2) were recruited to take part in this 148 
study. Two weeks unilateral lower limb immobilisation was performed using a lightweight fibre cast 149 
running from the malleoli to below the groin, with the knee positioned flexed and held at 50°. 150 
Participants were instructed to use crutches throughout the two-week casting. Samples from m. 151 
vastus lateralis (VL) were taken using a 5mm Bergström needle with suction. Samples were snap 152 
frozen in liquid nitrogen, and stored at -80°C for later analysis.  153 
 154 
Immunohistochemistry 155 
Muscle samples were warmed to -20°C for cryosectioning, serial sections cut at 10µm, and fixed to 156 
polysine adhesion slides (VWR International). Slides were stored at -20°C until staining.  157 
 158 
Fibre type composition and capillary location  159 
Monoclonal-myosin heavy chain (MHC) antibodies were used to simultaneously label two of the 160 
three major fibre types; BA-D5 (1:1000 dilution) for Type I fibres (slow MHC) labelled with Alexa 161 
Fluor 555 Goat Anti-Mouse IgG (1:1000 dilution) (Life Technology, A21422) and SC-71 (1:500 162 
dilution) for Type IIa (fast oxidative, glycolytic) labelled with Alexa Fluor 488 Rabbit Anti-Mouse IgG 163 
(1:1000 dilution) (Life Technology, A11059), with the remaining unstained fibres validated to be 164 
Type IIb/x. Fibre boundaries were identified using a fluorescent probe to the extracellular matrix 165 
protein, laminin (Sigma, L9393). Finally, capillaries were labelled with a carbohydrate-binding 166 
protein (lectin) specific to the species of interest: for rodent endothelial cells Griffonia simplicifolia 167 
lectin I (GSL I, Vector Labs, FL-1101; 1:250 dilution) and human endothelial cells Ulex europaeus 168 
agglutinin I (UEA I, Vector Labs, FL-1061; 1:250 dilution). This combination of markers provided 169 
reproducible differentiation of the three main fibre types and their boundary localization (Fig. 1A), 170 
allowing fibre-specific interaction with individual capillaries to be quantified (29, 37), in a protocol 171 
shown to be robust for both rodent and human samples (5, 29, 37). Images were taken using a Q 172 
Imaging MicroPublisher 5.0 RTV camera on a Nikon Eclipse E600 microscope, and taken at x20 173 
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magnification (440x330 µm2, for rat TA) or x10 magnification (866x649 µm2, for human VL) with a 2 174 
second exposure across all three fluorescent channels. 175 
 176 
Fibre type segmentation 177 
A further development of the stand-alone graphical user interface, DTect, was coded in MATLAB 178 
(The MathWorks, Inc., Cambridge, UK) for semi-automatic fibre segmentation (37). Step I detects 179 
fibre borders based on an immunostained basal lamina image, and offers the user an option to edit 180 
the image (boost indistinct and remove artefact lamina segments) to improve delineation accuracy 181 
(Fig. 1B). The extent of manual intervention becomes a balance between threshold level and 182 
noise, but allows analysis with variable quality of staining. Step II is automated classification into 183 
different fibre types based on colour space of enclosed pixels and defined size range (Fig. 1A), but 184 
with the opportunity to correct classification of individual fibres to accommodate problems with 185 
sample preparation or age that may give rise to indistinct threshold boundaries. An output file with 186 
morphometric statistics grouped according to fibre type is produced at this point, with the option to 187 
proceed with further analysis. In step III capillary locations are manually marked on the image, 188 
based on vessel centre of gravity, and their position linked with adjacent fibres (Fig. 1C). Global 189 
indices of muscle capillary supply are then generated. Step IV generates an output file containing 190 
capillary and fibre border coordinates, with fibre type annotation, and is used as input for tissue 191 
oxygen tension computations (PO2 distributions, see below).  192 
 193 
Muscle fibre boundary identification 194 
The goal is to create a binary image of the basal lamina where noise is filtered and a centerline 195 
skeleton preserved. An RGB image file (.jpg, .png, or .tif options available) from the 196 
immuno/histochemical method above is imported together with a record of the scaling factor (i.e. 197 
the pixel length in millimetres). In this study, blue fluorescence was used for lamina coding and a 198 
default threshold value used to create a binary image, with the aim of segmenting out the lamina in 199 
the image; further user refinement of the threshold value is possible to improve segmentation 200 
accuracy, or to accommodate pathological thickening. The actual value of the threshold adopted is 201 
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less important that the qualitative performance it allows, and the user readily evaluates this. 202 
Subsequently, all isolated pixels are cleared from the image i.e. treated as non-lamina segments, 203 
and a bridging operation, which ensures that gaps of one pixel size between unconnected pixels 204 
are treated as continuous lamina segments if they have two nonzero neighbours that are not 205 
connected. A morphological opening algorithm was applied to the image that filled all holes of 206 
single pixel size, and finally a closing algorithm was performed to shrink the binary image into a 207 
lamina skeleton of one pixel width, producing a connected line halfway between the inner and the 208 
outer lamina boundaries. An optional user-specified, uniform lamina width could subsequently be 209 
obtained through a morphological dilation operation with a symmetric circular structuring element. 210 
Inherent limitations in designing the structuring element means the diameter can only be of uneven 211 
pixel size, resulting in a uniform lamina of odd pixel width in the binary image. Having an uneven 212 
pixel size shrinks the fibre area proportionally and equally on both sides of the lamina wall, which 213 
minimises the bias. With the preferred configuration of the binary image, a boundary detection 214 
algorithm [pp651-654 of (23)] was applied, allowing the area of all objects present in the image to 215 
be calculated.  216 
 217 
Muscle fibre type allocation 218 
Following detection of the fibre boundary skeleton the program allows different fibre types to be 219 
classified in a user-defined manner (1, 2 or 3), allowing for tailored analysis. The mean red and 220 
green colour saturation levels were calculated for all fibres based on RGB pixel values inside their 221 
respective detected boundary. A k-means clustering algorithm (33) was applied to automatically 222 
assign all identified fibres into three types, for the purpose of this study we defined fibres according 223 
to the major phenotypes (Type I, IIa and IIb/x), based on their combined colour saturation. The 224 
algorithm performs best when distinguishing between strongly coloured fibres, and performs less 225 
well in distinguishing between non-coloured fibres (black) and weakly coloured fibres (little 226 
saturation of red or green). However, as automated classification is not infallible, the user may 227 
manually re-allocate individual fibres to a different type following manual inspection or reference to 228 
a separate look-up image. As an additional option, the user can specify any of the detected fibres 229 
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to be excluded from the statistics, e.g. due to structural abnormalities or staining artefacts. 230 
Typically, inspection of occasional ambiguous results produces a reliability of >95% compared to 231 
no user correction. Once the fibre type classification is accepted data are saved as a .txt file 232 
containing muscle fibre statistics, with an accompanying .mat file (a data file that is formatted for 233 
processing in MATLAB) that contains all the morphometric information (lamina position, fibre 234 
boundaries, centre of gravity, fibre type classification). 235 
 236 
Modelling O2 supply on segmented images 237 
A graphical user interface (oxygen transport modeller; OTM) was coded in MATLAB for semi-238 
automatic calculation of various morphometric indices, as well as computation of tissue oxygen 239 
tension based on images of muscle tissue biopsies. This code requires separate MATLAB licenses 240 
for the most recent versions of the following toolboxes: PDE, Mapping, Statistics. Importantly, the 241 
user is provided with a help menu at every stage of using the OTM package. 242 
 243 
In step I, the user is offered the option to choose the type of oxygen supply analysis to be carried 244 
out. Three types of analysis are possible: (i) Capillary only, which entails that only capillary location 245 
is required and the surrounding tissue is modelled as homogenously consuming oxygen, with no 246 
resolution of the fibre distribution which can be used as a control for understanding the impact of 247 
fibre size and heterogeneity (ii) Capillary and Fibres, which additionally allows for interstitial spaces 248 
and oxygen uptake restricted to fibre interiors and (iii) Capillary and Fibre types, where the 249 
individual fibres can be of different types, allowing heterogeneous distributions of fibres, with the 250 
associated heterogeneous oxygen kinetics.    251 
 252 
After loading the .mat file exported from DTect, the user can then check the quality of segmented 253 
tissue composition (Fig. 1B, D) against the biopsy image (Fig. 1A, C) for potential artefacts that 254 
may arise from image processing, with options available to manually edit capillary locations, fibre 255 
outlines, and fibre types in order to match the biopsy reference image. In step II, technical options 256 
are provided for improving the speed and accuracy of PO2 computation by removing the digital 257 
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noise inherited in fibre outlines during the image-processing stage. Here the user is offered the 258 
options of (i) smoothing fibre outlines using a simple moving average algorithm, (ii) reducing the 259 
number of points used to interpolate the fibre outlines using the recursive Douglas-Peucker Line 260 
Simplification algorithm (14) and (iii) removing erroneous fibre-fibre overlaps by automatic 261 
application of an eraser tool. In step III, the metric dimensions of the original image biopsy are 262 
defined by the user for dimensionalising the statistical and computational model parameters that 263 
will be used in later analyses, with manual determination of the region of interest (ROI) for 264 
generating statistical measures of tissue capillary supply (Fig. 1D). Step IV provides the user the 265 
option of proceeding either to morphometric analyses based on the user-defined ROI in step III or 266 
to computational modelling of the spatial distribution of oxygen tension (Fig. 1F). Note the pipeline 267 
is designed so that data may be extracted at different stages, above, depending on the 268 
experimental design. The user specified sample area (ROI) is chosen to maximise the field of view 269 
that is sampled while maintaining an adequate guard zone to preserve the unbiased nature of 270 
sampling for fibres of differing size, and avoiding infinite capillary domains at image edges (i.e. 271 
those without converging boundaries). 272 
 273 
Morphometric analysis of capillary oxygen supply 274 
The first option for tissue oxygenation analysis is concerned with calculating, viewing and exporting 275 
global as well as local morphometric indices of capillary oxygen supply (Table 1). The oxygen 276 
transport modeller (OTM) program offers the user options for viewing the statistical distributions of 277 
various indices as bar-plots with adjustable number of bins (Supporting Fig. 1). Detailed 278 
morphometric supply indices (e.g. per fibre, per fibre-type, per capillary) can be exported, in 279 
tabulated form, in a .txt file for further external analyses and presentations. 280 
 281 
Table 1. List of morphometric indices of capillary oxygen supply and defining formulae 282 
 283 
Index Label Formula/Description Units 
Number of capillaries Ncap Capillary count  
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Number of fibres Nfib Muscle fibre count  
Capillary density CD
 
 ൌ D?ୡୟ୮O?O? D?D?ିଶ 
Capillary-to-fibre ratio C:F ǣ 	 ൌ D?ୡୟ୮D?୤୧ୠ   
Fibre area FCSA Cross-sectional area of a muscle fibre D?D?ଶ 
Fibre Region FCSAn The region of the nth fibre   
Capillary domain area DOM Cross-sectional area of a capillary domain D?D?ଶ 
Capillary domain  DOMi The region of the ith capillary domain   
Equivalent Krogh diameter  K  ൌ ඨ ? ൈ D?  D?D? 
Nearest neighbour distance NND 
The neighbouring capillary with shortest 
distance, where neighbouring capillaries 
are identified as those which have domains 
sharing an edge with the capillary in 
question. 
D?D? 
Domain-to-fibre ratio DFR Number of capillary domains overlapping a 
muscle fibre.  
Fibre-to-domain ratio FDR Number of muscle fibres overlapping a 
capillary domain.  
Local capillary-to-fibre ratio 
of the nth fibre  LCFRn 
	௡ ൌ ෍ O?௜ ת 	௡O?O?௜O?௜ୀଵǥே௖௔௣   
Local capillary density 
of the nth fibre  LCDn ௡ ൌ 	௡O?	௡O? D?D?ିଶ 
Logarithmic SD of domain areas logSD
 
Standard deviation of the logarithm of the 
capillary domain area per square micron, 
DOM/D?D?ଶ  
All calculations are based on the selection criteria of capillaries and fibres within the ROI. D?D?D?D? 
denotes the cross-sectional area, ת GHQRWHVWKHVSDWLDOLQWHUVHFWLRQi denotes summing over the list D? ൌ  ?ǡ  ?ǡ  ?ǡ ǥ, 
 284 
Computational modelling of oxygen tension 285 
This part of the OTM program applies mathematical and computational frameworks to generate 286 
theoretical predictions of the cross-sectional distribution of oxygen tension in a muscle biopsy.  287 
 288 
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In step I, the user supplies relevant biophysical parameters (Table 2) to be used in the 289 
mathematical model detailed below. Here, the user can use default parameters for uniform 290 
muscles (1, 32) or supply parameters either by manual entry or by uploading a formatted .txt file. 291 
The user is then able to provide further biophysical parameters: (i) exercise level, where MO2,max 292 
(the maximal rate of oxygen consumption) is chosen according to the exercise level (resting, low, 293 
moderate, or high), (ii) tissue heterogeneity (uniform or fibre-specific parameters), and (iii) level of 294 
differential extraction of oxygen (low, moderate, high) among fibre types. 295 
 296 
In step II, a triangular mesh is generated using the PDE toolbox in MATLAB (via the built-in 297 
FRPPDQGµJHQHUDWH0HVK¶ZLWKIXUWKHUGHWDLOVLQWKH$SSHQGLFHVto capture structural intricacies of 298 
a cross-section of muscle fibres for later finite-element computations (Fig. 1E). The mesh is 299 
sufficiently dense in the vicinity of structures where oxygen gradient is expected to be relatively 300 
high (e.g. capillary and fibre borders; 41), with zoom options to view details of the mesh near such 301 
structures. The size of the generated mesh varies with complexity of muscle fibre and capillary 302 
organisation, potentially leading to large mesh datasets. To accommodate studies investigating the 303 
effect of different parameter sets and/or exercise level, there is an option to store large datasets 304 
generated for the geometrical mesh as well as reload previously stored datasets. 305 
 306 
In step III, the triangular mesh is used to compute the spatial distribution of PO2 (oxygen tension) 307 
and MO2 by applying a mathematical modelling framework (details below) that is implemented via 308 
the finite-element computational framework of the PDE toolbox in Matlab. The cross-sectional PO2 309 
and MO2 distributions are visualized on image biopsy sections using heat maps (Fig. 1F) with 310 
options for pre- and user-defined maximum and minimum PO2 levels to obtain an appropriate 311 
dynamic range. In addition, the user can export heat maps of PO2 and MO2, relative frequency 312 
plots of PO2 and MO2, and a .txt file tabulating global tissue and fibre-specific statistics for PO2 and 313 
MO2 (e.g. Table 5, Fig. 6: computed examples from samples from a pre- and post-immobilisation 314 
study). 315 
 316 
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In step IV, the user is able to view PO2 flux lines (Supporting Fig. 2) as a way of assessing the 317 
accuracy of capillary domains in representing supply/demand mismatches. PO2 flux lines are 318 
determined by the following system of ordinary differential equations:   319 
 320 ௗ࢞ഥௗ௧ ൌ ׏D?          (1) 321 
 322 
where D? is the computed oxygen tension, and ࢞ഥ is the 2D trace of a flux line (2). To generate flux 323 
lines the user is prompted to supply a set of parameters for solving the model equations, with the 324 
option of using default parameters. Note that choosing the appropriate numerical values may 325 
require trial-and-error before smooth, complete flux lines are obtained.  326 
 327 
Mathematical modelling framework 328 
As noted previously, using the geometric mesh generated from histological images (Fig. 1D) a 329 
direct exploration of the oxygen transport capacity of tissue can be made using a mathematical 330 
modelling framework, based on finite element analysis, with physiological parameters applied to 331 
structural objects (Fig. 1E-F). Oxygen transport within skeletal muscle tissue is considered to be a 332 
2D process in that local gradients along capillaries are theoretically estimated to be of insufficient 333 
scale to be relevant [2], and completed through three exchange pathways: free O2 diffusion 334 
according to partial pressure gradients, facilitated diffusion via myoglobin, and consumption within 335 
muscle fibres primarily driven by Michaelis-Menten kinetics (22). Intravascular boundary conditions 336 
(e.g. O2 exchange with interstitial fluid or fibre boundaries) are accounted for in the model through 337 
a Robin boundary condition at the capillary wall (3), which balances flux with the O2 partial 338 
pressure drop across the capillary wall. The primary regions of O2 demand are the interstitial space 339 
(low) and muscle fibres (variable) that are accommodated with the assumption that the interstitial 340 
space diffusivity and solubility of O2 are equal to those of the neighbouring fibres, and different 341 
fibre types are assigned individual physiologically informed values for oxygen uptake and 342 
myoglobin concentration (Table 2).  343 
Realistic oxygen modelling in striated muscle 
14 
 
 344 
The tissue oxygen tension (PO2) is calculated from the following oxygen transport balance 345 
equations:  346 
 347 ׏  ?O?D?O?D?O?׏O?D?O?D?O?D?O?൅ D?ெ௕O?D?O?D?ெ௕O?D?O?O?ௗௌಾ್ௗ௣ ׏D?O?O?          ൌ D?O?D?ǡ D?Oǡ     D? א D?ǡ  (2) 348 
      free diffusive flux myoglobin-facilitated flux       tissue consumption 349 
 350 D?௜  ?O?D?O?D?O?׏O?D?O??O?D?O?O? ൌ D?൫D?௖௔௣೔ െ D?൯ǡ  D? אD?D?௜,    (3) 351 
 352 D?௧௜௦௦௨௘  ?O?D?O?D?O?׏O?D?O??O?D?O?O?ൌ  ?  D? אD?D?     (4) 353 
 354 D?ெ௕O?D?O?ൌ  ௣௣ା௣ఱబǡಾ್ ǡD?O?D?ǡ D?Oൌ  ெబO?௫O?௣௣ା௣೎ ǡ  D? א D?ǡ     (5) 355 
 356 
where D? denotes the entire area of tissue in the digital image of the muscle biopsy, excluding 357 
capillary lumen (D?௜ ǡ D?௜) with the outer boundary of the tissueO?D?D?ǡ D?௧௜௦௦௨௘O?, 358 D?ெ௕ is the equilibrium saturation of myoglobin, D?ହ଴ǡெ௕ is the PO2 in tissue at half myoglobin 359 
saturation, D?௖describes the tissue PO2 reflective of the partial pressure scale where mitochondria 360 
are no longer able to extract oxygen at maximal rate, D? is the rate of oxygen consumption within 361 
the tissue, and D?଴ is MO2,max (3). All remaining physiological parameters are detailed in Table 2.  362 
 363 
The diffusive response of the system occurs on a timescale of  364 D?ூ஼ଶ ?D? ? O?  ?D?O?ଶ ? ൈ  ? ൈ ? ?ି ଽଶିଵ  ? ?Ǥ ? ? ?ǡ 
 365 
where D?ூ஼ is the scale of the intercapillary distance, which is on the scale of 50 microns, based on 366 
the time taken for a diffusing particle, i.e. a random walker, to possess a root mean square 367 
displacement of D?ூ஼. This is far smaller than the timescale of system adjustment, such as tissue 368 
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remodelling, and hence the (qausi)-static approximation is extremely accurate and temporal 369 
derivatives can be safely neglected.  370 
 371 
Note that the absence of a myoglobin flux at the fibre boundary in the above equations entails that 372 
the implicit assumption of equilibrium between oxygen and myoglobin cannot hold in a region very 373 
close to the fibre boundary. However, the extremely limited geometrical extent of this region is so 374 
small that its neglect in the above system is of no consequence to robust approximation, as for 375 
instance demonstrated in the exploration of oxygen transport boundary layers by Whiteley et al. 376 
(44). Furthermore, the assumption of zero flux at the edge of the region of interest introduces a 377 
modelling error as there may be a small physiological flux present. However the lengthscale on 378 
which the impact of the boundary, or a capillary, decays is given by balancing the diffusive flux with 379 
the decay in Eqn (2), which reveals  380 
D?ௗ௘௖௔௬  ?൬D?D?௖௔௣೔D?଴ ൰ଵȀଶ  ? ? ? ?Ǥ 
 381 
Hence more than a few hundred microns away from the boundary the impact of the boundary is 382 
predicted to be small by scaling arguments, and this is explicitly confirmed numerically in previous 383 
work [2].   384 
 385 
Table 2. Physiological parameters for homogenous and mixed muscle oxygen modelling 386 
 387 
Parameter Symbol Uniform phenotype Fibre Type Units 
 
  I IIa IIb/x 
 
O2 demand M0 15.7 15.7 13.82 7.85 10-5ml O2/ml s 
Mb concentration CMb 10.2 10.2 4.98 1.55 10-3ml O2/ml  
O2 solubility  D? 3.89 x 10-5 3.89 x 10-5 
  
ml O2/ml mmHg 
O2 diffusivity D 2.41 x 10-5 2.41 x 10-5 
  
cm2/s 
Mb diffusivity DMb 1.73 x 10-7 1.73 x 10-7 
  
cm2/s 
Mass transfer 
coefficient k 4.0 x 10
-6
 4.0 x 10-6 
  
ml O2/cm2 mmHg  
Intracapillary PO2 D?௖௔௣೔  30 30 
  
mmHg 
Mb half-saturated PO2 D?ହ଴ǡெ௕  5.3 5.3 
  
mmHg 
PO2 at half demand D?௖  0.5 0.5 
  
mmHg 
Capillary radius  1.8-2.5 x 10-4 1.8-2.5 x 10-4 
  
cm 
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Default biophysical parameters within oxygen transport modeller, with user versatility to amend 
parameters. Table adapted from (4) 
 388 
 389 
Worked examples of distinct physiological and pathological tissue 390 
(1) Heterogeneity of rat skeletal muscle composition 391 
Tibialis anterior (TA) is the predominant ankle flexor muscle located in the anterior compartment of 392 
the rat hind limb. The TA has a heterogeneous distribution in muscle fibre type and capillary supply 393 
that give rise to phenotypically distinct compartments (13, 15, 19), a deep oxidative core and 394 
superficial glycolytic cortex (Fig. 2).  395 
 396 
The global composition of rat TA is presented, using numerical indices based on global measures 397 
for the two compartments (Fig. 3A-C). Moving to an area-based analysis, we define the capillary 398 
supply region as the area of tissue closer to an individual vessel than any other. The resultant 399 
boundary, calculated by bisecting intercapillary distances for nearest neighbour vessels, identifies 400 
the capillary domain (19, 26). The frequency distribution of these domains shows a distinctive 401 
difference between the two compartments of TA (Fig. 3D), with average capillary domain area 402 
significantly lower in the core compared to cortex (974 r 193 µm2 vs. 1789 r 525 µm2, t3.796 = -403 
2.916, P = 0.046). Spatial heterogeneity of capillary supply is inferred from the logarithmic normal 404 
distribution by calculating the standard deviation of log-transformed area (logSD). In the oxidative 405 
core capillary supply is more homogeneously distributed than in the glycolytic cortex; logSD = 406 
0.151 ± 0.016 vs. 0.166 ± 0.008, respectively (t4.459 = -1.742, P = 0.149). The non-integer index of 407 
local capillary to fibre ratio (LCFR = cumulative fraction of individual domains overlapping a fibre; 408 
see Table 1) allows calculation of the average supply to a fibre relative to capillary domain area 409 
(19), which is globally approximated by the ratio of mean fibre cross sectional area and mean 410 
domain area. Normalising this index (dividing LCFR by fibre area) provides a local scale-411 
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independent measure of capillarity, giving a local capillary density (LCD, capillary supply 412 
equivalent per unit area of fibre) specific to individual fibres (see Table 1 for formulae). 413 
 414 
These indices of capillary supply have been partitioned into individual compartments only (Table 415 
3); a more in-depth level of analysis is available, where greater computational resolution 416 
distinguishes changes of an individual fibre type (demonstrated in the second worked example). 417 
 418 
 419 
Table 3. Scale-independent measures for the core and cortex of the rat TA 420 
 421 
 Core Cortex 
LCFR 1.80 ± 0.40 1.34 ± 0.20 
B 0.0008  0.0004* 
R2 0.51722 0.35873 
   
LCD (mm-2) 1058 ± 195 602 ± 122 * 
B -0.1025 -0.1083 
R2 0.20222 0.04868 
LCFR, local capillary to fibre ratio; LCD, local capillary density. B, slope coefficient 
for plots in Fig. 3F,G of LCFR and LCD vs FCSA; R2, Coefficient of determination. 
Mean ± SD (n=4); * P < 0.05 core vs. cortex. 
 422 
 423 
(2) Human muscle biopsies following two weeks immobilisation 424 
Understanding not only the physiological response to imposed challenges (adaptive remodelling), 425 
but also that of pathological remodelling is critical to the development and prescription of effective 426 
therapeutic exercise protocols. Prolonged bed rest is a potent stimulus for reduction in muscle 427 
mass, force generating capacity and fatigability, all of which are amplified in the elderly (25, 35).  428 
Muscle biopsies from the vastus lateralis were taken at day 0 (pre-cast) and 14 (post-cast) (9). 429 
Sections were treated as above, and images processed for analysis (Fig. 4). 430 
 431 
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Although underpowered for statistical purposes, the expected trend for muscle atrophy is evident 432 
and clearly diagnostic (Fig. 4B, Fig. 5C). As there was no compensatory change in C:F (Fig. 5A), 433 
the functionally relevant CD consequently increased (Fig. 5B). Note this increase in apparent 434 
capillarity is entirely explained by the muscle, rather than microvascular response to 435 
immobilisation. The numerical proportion of fibres was altered in favour of Type IIa, whereas the 436 
greatest change in areal composition was found for Type IIx fibres (Fig. 5E). Given these changes, 437 
it is impossible to ascertain from global values whether or not local compensatory mechanisms 438 
have been evoked, emphasising the utility of the current multi-level analytical approach. 439 
 440 
Consistent with a higher CD, the mean domain area (for grouped data) decreased from 3428.3µm 441 
to 2767.6 µm, with more capillaries on average supplying a smaller volume of tissue. Interestingly,  442 
heterogeneity of capillary spacing (logSD) also decreased (from 0.167 to 0.143; Fig. 5D), indicating 443 
a more similar intercapillary distance underpinning local O2 diffusion. Indeed, for Type I fibres both 444 
LCFR and LCD were increased, for Type IIa fibres LCFR was unchanged but LCD increased (i.e. 445 
while local capillary proximity was maintained, potential supply per unit area of fibre was greater). 446 
In contrast, for Type IIx fibres there were reciprocal changes in the indices of local capillary supply 447 
(Fig. 5F-I, Table 4). 448 
 449 
 450 
Table 4. Local capillary supply indices for pre vs. post immobilisation muscle biopsies 451 
 452 
 Pre immobilisation Post immobilisation 
Global   
LCFR 1.69 ± 0.08 1.73 ± 0.07 
LCD (mm-2) 281 ± 61 362 ± 50 
Type I   
LCFR 1.72 ± 0.23 1.84 ± 0.16 
B 0.0001 0.0002 * 
R2 0.19321 0.25169 
LCD (mm-2) 285 ± 67 376 ± 50 
B -0.0199 -0.029 
R2 0.18825 0.13153 
Type IIa   
LCFR 1.71 ± 0.23 1.70 ± 0.21 
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B 0.0001 0.002 * 
R2 0.2611 0.42676 
LCD (mm-2) 278 ± 63 359 ± 55 
B  -0.0193 -0.0246 
R2 0.23833 0.16305 
Type IIx   
LCFR 1.54 ± 0.42 1.35 ± 0.03 
B  0.0002 0.0001 
R2 0.74529 0.01974 
LCD (mm-2) 240 ± 27 307 ± 56 
B  -0.0065 -0.0456 
R2 0.08351 0.28654 
LCFR, local capillary to fibre ratio; LCD, local capillary density. B, slope coefficient 
for plots against Capillary Domain Area in Fig. 5 (F-I); R2, Coefficient of 
determination. Mean ± SD (n=4); * P < 0.05 Pre vs. Post. 
 453 
Muscle oxygenation 454 
Oxygen tension across muscle is dependent on both capillary supply and fibre demand, and 455 
influenced by spatial distribution of both elements (2, 4, 32). Using published estimates of capacity 456 
for supply and demand, the integrative response to low and high oxygen consumption can be 457 
modelled (Fig. 6). Note that fibre atrophy following immobilisation tends to ameliorate the apparent 458 
supply deficit under conditions of simulated muscle activity (Table 5). The optimisation of oxygen 459 
supply and demand by integration of capillary and fibre distributions is evident from a similar 460 
oxygen tension for each fibre type at rest, a good example of structure-function homeostasis 461 
(Table 4). Interestingly, the differential atrophy among fibre types is reflected in the extent to which 462 
fibre PO2 is calculated to change on exercise after 14 days immobilisation (Table 5), thereby 463 
identifying local sites of likely dysfunction that may be specifically targeted in subsequent 464 
therapies. 465 
 466 
 467 
Table 5.  PO2 predictions for one individual, pre vs. post immobilisation values used to 468 
generate Figure 6 469 
 470 
Simulation Pre Post 
Resting O2 consumption   
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Tissue PO2 (mmHg) 26.27 ± 1.19 26.58 ± 0.93 
Type I PO2 (mmHg) 26.36 ± 1.06 26.57 ± 0.91 
Type IIa PO2 (mmHg) 26.11 ± 1.12 26.58 ± 0.83 
Type IIx PO2 (mmHg) 25.33 ± 1.57 25.98 ± 1.03 
% Hypoxic tissue  0 0 
Maximum O2 consumption   
Tissue PO2 (mmHg) 14.58 ± 5.78 15.90 ± 4.58 
Type I PO2 (mmHg) 15.21 ± 5.13 16.03 ± 4.44 
Type IIa PO2 (mmHg) 13.40 ± 5.44 15.62 ± 4.13 
Type IIx PO2 (mmHg) 9.63 ± 7.19 12.13 ± 4.94 
% Hypoxic tissue  2.43 0.51 
Mean ± SD; Hypoxia is user-defined, and describes the percentage of tissue area 
that has a PO2 below that value, in this case <0.5mmHg O2.  
 471 
 472 
Discussion  473 
Methodological considerations 474 
There is an increasing body of experimental data derived from muscle histology, with a range of 475 
labelling methods contributing to variability in published results. Unacceptably laborious image 476 
processing methods reduce the scope for comparative analyses (in our experience just performing 477 
domain analysis for capillary distribution is ~5x slower, and fibre type - capillary interactions likely 478 
to be ~20x slower, using manual analysis), and underpowered studies may lead to ambiguous 479 
outcomes. We have developed a robust histological fluorescent staining protocol for identification 480 
of muscle fibre phenotype and microvascular content within rodent and human tissue. In principle 481 
this would also work for non-fluorescent staining, although fluorescent staining gives a better signal 482 
to noise ratio, avoiding limitations to chromogenic stains such as spectral overlap. Clearly, the 483 
better the staining is, i.e. the more homogeneous and noiseless it is, the easier fibre type 484 
segmentation is to perform. For good image quality the similarity in output among different users is 485 
very high, as it requires little manual intervention, amounting to 1-2 mins at most. 486 
 487 
Although recent progress in computational modules have seen the development of semi-automatic 488 
muscle analysis code, the range of measurements involved and quality of data output has been 489 
limited (34, 36, 39). In conjunction with histological labelling we developed a semi-automated 490 
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detection software for the identification of fibre borders and fibre types that allows co-localisation of 491 
capillaries within an anatomically appropriate skeleton. Subsequently, a digitised mesh 492 
representative of tissue geometry is created, which provides the framework for improved spatially-493 
resolved data acquisition, and the possibility of realistic modelling of oxygen tension based on 494 
images of muscle biopsies (3, 46). With the availability of both a pipeline for generating spatially-495 
resolved data and the mathematical models for accommodating fine tissue scale (4), we developed 496 
a graphical user interface for computational modelling of muscle tissue oxygenation based on 497 
biopsy images. 498 
 499 
Using the principles of coordinate-dependent stereology we utilise a systematic random sampling 500 
regime that accommodates regional heterogeneity. Given that between-individual variance is 501 
greater than within-individuals, we emphasise the need for high throughput analysis to 502 
accommodate a large sample size rather than increasing the relatively small size of the ROI. 503 
Previous studies have shown that increasing sampling within an individual have minimal effects on 504 
the outcome. However, within disease populations this variance may be greater, and the 505 
experimental protocol needs to recognise this. 506 
 507 
Fibre type composition  508 
Accurate quantification of skeletal muscle composition is labour intensive, and it is sometimes 509 
difficult to reconcile results from different studies. The literature has become dominated by 510 
concerns about pure and hybrid phenotypes (a single fibre expressing more than one MHC 511 
isoform) (8). There are a variety of monoclonal antibodies developed to probe for various 512 
configurations of these phenotypes, which allow muscle fibre type compositions to be determined 513 
(8, 24). However, the functional capacity of these scarce hybrid fibres is still to be determined, and 514 
the relevance to overall muscle phenotype is debatable. A more broadly applicable method may be 515 
to use an oxidative continuum to classify fibres, e.g. using data from succinate dehydrogenase and 516 
Į-glycerophosphate dehydrogenase activity in conjunction with the various MHC monoclonal 517 
antibodies (8).  518 
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 519 
Using this continuum (left most oxidative, moving to entirely glycolytic, Fig. 7) it is possible to 520 
accommodate the categorisation of three major fibre types. The flexibility of the programme to 521 
allow user-defined classifications will permit groupings for undifferentiated hybrid fibres, if required. 522 
Accordingly, the purpose of the immuno/histochemical protocol is to provide a high throughput 523 
method of fibre type differentiation, in combination with our semi-automated detection system, 524 
analysis and modelling package.  525 
 526 
Experimental data  527 
The underlying heterogeneity of muscle composition is often under-appreciated, which descriptions 528 
of homogeneous phenotype (even in mixed muscles) not uncommon. Appreciating the functional 529 
correlates of variability in both fibre (13) or capillary (19) distribution requires a detailed analysis of 530 
the spatial correlation and adaptive interaction between the structural correlates of aerobic 531 
capacity (15, 19).  532 
 533 
Such data illustrate the manner by which microvascular delivery of oxygen and other substrates, 534 
and removal of metabolites, is partitioned among both muscle region and fibre type. Of note is the 535 
extent to which global values smooth local differences in functional capillary supply, and hence are 536 
less sensitive to tissue remodelling during physiological adaptation or pathological dysfunction. 537 
The two most commonly reported indices of global capillary content are CD and C:F (16) but these 538 
measures are scale-dependent (affected by alterations in muscle fibre size), with  important 539 
implications when describing angiogenesis in skeletal muscle as this is often accompanied by 540 
changes in FCSA. Hence, applying such higher resolution analysis may afford a more sensitive 541 
diagnostic option than currently available. 542 
 543 
The regional differentiation of hindlimb extensor muscles provides a good example of how varied 544 
the local environment can be for examples of a given fibre type in different locations. The hope is 545 
that with such information now available, we may develop a better understanding of e.g. the 546 
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principal determinants of exercise capacity, and the primary drivers of adaptive response. Indeed, 547 
recent studies examining muscle oxygenation confirm that this is highly correlated with 548 
morphometric indices, especially capillary distribution (45). 549 
 550 
Bed rest has been shown to have a pronounced debilitative effect on skeletal muscle mass and 551 
aerobic capacity (7, 21, 25, 42). Inactivity (hypokinesia) results in atrophy of muscle fibres, 552 
alteration in blood flow kinetics and reduced oxidative capacity, which subsequently impairs 553 
muscle performance capacity, especially in the elderly (25). We utilised a unilateral limb 554 
immobilisation cast to mimic bed-rest for two weeks to investigate the effect on muscle phenotype 555 
and oxygen delivery kinetics (9, 40).  556 
 557 
Following two weeks of lower-limb casting the vastus lateralis atrophied, with a 31% decrease in 558 
mean fibre area, with Type II fibres showing the largest degree of atrophy. These data are in line 559 
with those reported previously (40), although others have reported a larger atrophy of Type I fibres 560 
over longer durations (6, 27, 41). There was no evident rarefaction of the capillary bed, however 561 
overall atrophy of muscle fibres resulted in a higher CD. A similar response has been shown in 562 
cold acclimated hamsters, that manage to reduce oxygen diffusion distance through reduction in 563 
FCSA and increasing CD (13). Mean capillary domain area decreased, with an improved 564 
homogeneity of capillary supply that improved LCD across all three major fibre types. The reduced 565 
diffusion distance and subsequently improved local capillary supply area suggest a better PO2 566 
status across the tissue when modelled at high intensity exercise levels, and reduced proportion of 567 
the tissue considered to be hypoxic (in this model hypoxia was considered to be represented by a 568 
tissue PO2 <0.5 mmHg). This adaptive remodelling appears to preserve O2 supply capacity of the 569 
tissue, possibly as a compensatory mechanism. As the tissue also has a reduced capacity to 570 
utilise O2, due to decreased oxidative enzyme content and mitochondria (10, 28), this higher PO2 571 
and subsequent potentially greater O2 flux would help maintain functionality of  remaining 572 
mitochondria and likely allow them to work optimally (11). 573 
 574 
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Adaptability and versatility of the analysis package 575 
The user is required to provide information about the type of tissue geometry to be processed. The 576 
current image segmentation algorithms can process three types of image: (i) capillary location 577 
only, (ii) capillary location and fibre outlines, and (iii) capillary location with fibre outlines and 578 
defined fibre type (Fig. 8). Capillary location alone (Fig. 8A) allows for global morphometric indices 579 
such as capillary density (CD) and mean intercapillary distance (ICD) to be quantified, as well as 580 
the calculation of capillary domains and the beginning of capillary heterogeneity analysis (17). 581 
Capillary co-location with fibre boundaries (Fig. 8B) gives rise to the generation of local non-integer 582 
based indices, and allows for the modelling of capillary supply regions assuming homogeneous 583 
oxygen consumption, such as found in cardiac tissue (2). Incorporating additional heterogeneities 584 
in oxygen uptake via fibre-type allocation (Fig. 8C) allows the generation of fibre type specific, local 585 
capillary indices and subsequent modelling of tissue PO2 (4).  586 
 587 
The packages are assembled in such a way that output files are generated at each stage: fibre 588 
type composition and morphometric details, capillary and fibre global indices, fine-scale non-589 
integer local capillary indices, and finally tissue PO2 modelling. This allows flexibility in extraction of 590 
morphometric data at the level desired for a particular study design. However, given the ease of 591 
data acquisition and speed of the data pipeline it is plausible to generate the full range of 592 
morphometric indices with minimal time penalty, thereby allowing observation-driven explorations 593 
and more extensive testing of generated hypotheses. The local indices of capillary supply are able 594 
to identify the onset of fine-scale changes that occur during physiological adaptation (e.g. training 595 
response) and pathological remodelling (e.g. capillary rarefaction), usually prior to differences in 596 
global indices becoming apparent. The ability to generate these data provides the potential for 597 
discovery of unknown abnormal pathological responses, and aid development of targeted 598 
therapeutic treatments. 599 
 600 
As discussed above, some longitudinal studies seek to identify transient changes as part of an 601 
adaptive response, and so we have incorporated the possibility to utilise either serial sections and 602 
Realistic oxygen modelling in striated muscle 
25 
 
a corresponding monoclonal label for hybrid fibre types (or other molecules of interest), or an 603 
additional fluorophore may be used for four colour immunofluorescence, which may then be 604 
incorporated into the morphometric analysis. In future, the code could be modified to take other 605 
staining colours into account, with the only limitation being that the algorithm relies on lamina 606 
colour being distinct from the remaining staining. 607 
 608 
One of the more flexible components of this project was the development of a fibre map that 609 
allowed the incorporation of physical objects (i.e. capillaries) to then be positioned and analysed at 610 
the level of individual fibres, allowing for more sensitive geometric analysis. The versatility of the 611 
capillary identification software should be of wider interest for co-localisation of other structures, 612 
allowing the geometric distribution and interactions with specific fibre types to be generated for e.g. 613 
location of myosatellite cells, infiltration of macrophages, or specificity of proteins such as the 614 
transcription factor PGC-Į(38). 615 
 616 
Limitations of the methods and in accuracy 617 
The primary limitation with detection software relates to quality of imported images, with variability 618 
in specificity or intensity of stains (especially in older samples) being particularly problematic, e.g. 619 
there is an apparent reduced reactivity/affinity of monoclonal antibodies to tissue that have been 620 
cut and stored for extended periods of time (over 12 months). Tissue that has been exposed to 621 
freeze thaw cycles also showed poorer staining for laminin, making automatic detection of fibre 622 
borders ineffective and difficult to define. This can lead to artefacts such as gaps that may result in 623 
automated shrinking and removal of lamina, and joining of two adjacent fibres. This requires the 624 
user to adjust the threshold or manually define those boundaries through pruning of incorrect 625 
boundaries and addition of missing segments. Initially, the laminin threshold should be determined 626 
for a given sample, using a low threshold produces noisy images that can result in erroneous fibre 627 
detection, whereas a high threshold creates gaps and unites fibres; only once an optimal threshold 628 
has been defined should manual correction be attempted.  629 
 630 
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To unambiguously define a fibre type three critical pieces of information are required: fibre size, 631 
shape and colour fill. At present there is a user-defined minimum and maximum fibre area size that 632 
establishes boundary conditions for identified fibres and inclusion in the statistical output. While 633 
differentiation between types is primarily based on colour fill of that fibre, future implementations 634 
could allow incorporation of fibre type criteria based on size and staining intensity, or to avoid fibre 635 
boundary artefacts by implementing morphometry algorithms, e.g. including only convex, smooth 636 
objects. 637 
 638 
As with all computational studies, numerical accuracy has the potential to be a limitation. However, 639 
in practice the numerical algorithms used here, for instance finite element methods, ordinary 640 
differential equation solvers, the determination of Voronoi polygons and quadrature for integrating 641 
to find capillary domain areas are well understood. Previous studies routinely confirm (2,3) that 642 
such techniques perform at substantively greater accuracy that the two significant figures typically 643 
required to ensure results are robust to numerical error. Parameter uncertainty, if it is present, may 644 
require confirming results are robust across a range of parameters before drawing conclusion. 645 
However, a prospective source of error would be missed capillaries in the image analysis, as 646 
previous studies as emphasised a sensitivity of the summary statistics for capillary domains and 647 
trapping regions to capillary rarefaction (2,3,4).      648 
 649 
A further limiting aspect of the framework is the use of two-dimensional cross sections. The benefit 650 
of three dimensional studies is highly questionable compared to the resource implications and 651 
uncertainties that would be introduced. Indeed, the statistical argument to adopt such an approach 652 
for muscle is not compelling; 3D analysis only reduces error if the 2D approach lacks rigour, which 653 
we avoid (geometric probability assumptions are realised etc.). Even if the technical details of 654 
imaging and segmenting a z-stack of tissue proved to be possible without significant error (e.g. 655 
serial section registration and cross-correlation between objects, inherent assumptions about 656 
tissue geometry), there is no physically motivated and self-evident boundary conditions at the end 657 
of the stacks for oxygen transport simulations of skeletal muscles. Hence, such simulations would 658 
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be prone to errors from assumptions about boundary conditions, while Voronoi polyhedra will 659 
extensively extend into the tissue domain along the axis of the muscle fibres, corrupting capillary 660 
domain statistics with boundary artefacts. Thus, the work is therefore restricted to tissue, such as 661 
muscle, where variation in the out-of-plane direction is on a longer lengthscale than that of 662 D?ௗ௘௖௔௬ ? ? ? ?D? according to scaling arguments. Consequently, the technique cannot be applied 663 
to tissues more generally.  664 
 665 
For DTect, the computational effort of course varies with the image size, and the relationship with 666 
amount of RAM available. We have implemented the tool on personal laptops, but recommend 667 
using a desktop PC with a setup of at least 3.3 GHz clock speed, 16 Gb RAM, and 1 Tb memory, 668 
which is within specification of off-the shelf laptops and thus standard computing facilities.   669 
 670 
 671 
Conclusions 672 
We have designed a robust histological protocol and analysis package based on Matlab code that 673 
will be free to download and use. The data pipeline allows for flexibility in morphometric indices 674 
acquired, and provides a more comprehensive overview of microvascular supply and skeletal 675 
muscle phenotype than is currently available. The potential for higher spatial resolution data may 676 
have an impact on statistical power within a study, and as such reduce the number of animals 677 
required for experiments (supporting consideration of 3Rs in ethical approvals). As such, the 678 
development of this image processing and computational methodology will likely prove to be 679 
valuable with scientific, economic and ethical implications. 680 
 681 
 682 
Appendices 683 
Meshing 684 
For meshing, the PDE toolbox in MATLAB utilised in the presented pipeline uses the Delaunay 685 
triangulation algorithm to discretize the domain into a number of linear triangular elements, finite 686 
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elements, with curved boundaries approximated by piecewise linear boundaries. An initial domain 687 
discretization is generated by calling the built-in function INITMESH. In addition, this initial mesh is 688 
adaptively refined by using the built-in function ADAPTMESH. At each refinement stage, a 689 
posteriori error estimates are used to select candidate mesh elements for further refinement if they 690 
contribute an error larger than a pre-set tolerance level, thus generating a variable mesh density 691 
based on the properties of the solution, rather than a manual assignment of mesh density.  692 
 693 
The number of elements has been found to be linearly correlated with the number of digitized 694 
fibres in an image. This correlation remains consistent under the image processing algorithms we 695 
apply for elimination of the image-segmentation noise and reduction of the number of vertices of 696 
each fibre. The images considered in the worked examples contain 80-90 fibres, which is 697 
equivalent to 420 ± 450 thousand mesh elements. 698 
 699 
Generating flux lines  700 
The OTM package allows the user to generate oxygen flux lines by numerically integrating the 701 
system in Equation (1). To proceed with numerical integration the following four parameters are 702 
needed: 703 
1. Termination time: the total integration time allowed for a streamline to travel. 704 
2. Step size: a discrete time-step used uniformly to successively generate the points of a flux 705 
line. 706 
3. Flux lines per capillary: the number of flux lines desired around each capillary (8 to 64 is 707 
sufficient). 708 
4. Initial distance from capillary: since each flux line begins at a capillary wall, the user may 709 
choose to start generating it a bit downstream by specifying the distance of the initial point 710 
on the flux line, which should be slightly greater than the capillary radius. 711 
These parameters are pre-set at default numerical values but can be manually adjusted by the 712 
user to improve the quality of flux lines (e.g. smoothness and length). Thus, to generate the 713 
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desired plot quality the user may adjust these parameters by trial-and-error, with suitable numerical 714 
bounds as suggested above. 715 
 716 
 717 
Archiving  718 
Standalone executables will be provided at the University of Oxford Research Archive on 719 
acceptance: https://doi.org/xxxxxx/xxxxxx. The current GUI for OTM was originally coded using 720 
MATLAB 8.2 (2013b). The overall version-sensitivity of the OTM package is minor, and package 721 
updates are carried out regularly to guarantee smooth operation with new MATLAB versions. A list 722 
of OTM versions along with compatible versions of MATLAB and the relevant toolboxes will be 723 
provided at this research archive link. 724 
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Figure 1. Flow through processing of histological images. Raw image stained for fibre type 740 
composition, fibre boundary and capillaries (Type I; red fibres, Type IIa; green fibres and Type 741 
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IIb/x; unstained fibres) (A). Fibre boundary skeleton is automatically masked in magenta for the 742 
labelled basal lamina (B). Individual capillaries are manually identified and associated with fibres 743 
(numbers within fibres record the number of capillaries in contact with that fibre) (C). A digitised 744 
composite of the histological sample with fibre boundaries (dark magenta lines), associated 745 
capillaries (navy blue dots) and the capillary domain areas (tessellating light blue polygons) are 746 
generated and a region of interest selected (green) (D). This provides input data for calculation of 747 
global and local capillary indices, as well as the modelling of oxygen tension (E), with 748 
pseudocolour representation of PO2 distribution displayed (user-defined hypoxic regions shown as 749 
deep blue) (F). 750 
 751 
Figure 1. Cross section of rat TA with representative immuno/histochemical inserts from 752 
the deep core (A-B) and superficial cortex (C-D). There is a distinct oxidative gradient running 753 
transversely across the muscle, with the most oxidative fibres located in the core of the muscle. 754 
Type I; red fibres, Type IIa; green fibres and Type IIx/b; unstained fibres. 755 
 756 
Figure 3. Morphometric indices for the tibialis anterior oxidative core and glycolytic cortex. 757 
The global morphometric indices described through capillary-to-fibre ratio, C:F (A), capillary 758 
density, CD (B) and fibre cross sectional area, FCSA (C). The relative frequency of the capillary 759 
domain areas present within the two compartments (D) and fibre type composition (E). Finally, the 760 
distribution of local capillary to fibre ratio, LCFR (F) and local capillary density, LCD (G) relative to 761 
fibre cross sectional area are shown. See Table 1 for definitions of these indices. Mean ± SD 762 
(n=4), * P < 0.05 core (red) vs. cortex (blue). 763 
 764 
Figure 4. Vastus lateralis muscle biopsy cross-sections.  Example of individual muscle biopsy 765 
pre (A) and post (B) immobilisation. Immuno/histochemical staining for fibre type, fibre boundaries 766 
and capillary location. Note the evident atrophy following two weeks of immobilisation. Type I; red 767 
fibres, Type IIa; green fibres and Type IIx; unstained fibres. Scale bar 200µm. 768 
 769 
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Figure 2. Global and local microvascular and muscle morphometric indices pre (solid bars) 770 
and post 14 days immobilisation (hatched bars). Capillary to fibre ratio (A), capillary density 771 
(B), fibre cross sectional area (C), relative frequency of capillary domain area (D), relative fibre 772 
area (E).  Finally, the distribution of local capillary to fibre ratio and local capillary density to fibre 773 
cross sectional area at baseline (F-G) and following two weeks of immobilization (H-I), 774 
respectively. Mean ± SD (n=4); * P<0.05 Pre vs. Post. Red, Type I; Green, Type IIa; Navy, Type 775 
IIx.  776 
 777 
Figure 6. Oxygen modelling ± simulation of muscle PO2 at rest (A pre, C post), and at MO2max 778 
(B pre, D post).  Note that the regions of tissue hypoxia in this model, highlighted in blue, have a 779 
PO2 of < 0.5mmHg. See Table 4 for fibre type-specific values. 780 
 781 
Figure 7. The spectrum of skeletal muscle myosin heavy chain phenotypes, 782 
accommodating both pure and hybrid fibres. Fatigue resistance (red) and power (blue) 783 
describe the typical functional properties of these fibre types.  784 
 785 
Figure 8. Versatility of image input for capillary indices calculations.  Individual capillary 786 
location labelled with Griffonia simplicifolia lectin-1 staining (A). Capillary location with fibre 787 
boundary coordinates is optional, used primarily for homogeneous tissue phenotypes (B). Finally, 788 
capillary location built onto muscle fibre boundaries with fibre type composition, allowing differential 789 
tissue oxygen consumption to be modelled (C). 790 
 791 
 792 
  793 
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